Deuterium (D) retention and surface modifications of hot-rolled polycrystalline tungsten (W) exposed to a low-energy (40 eV/D), high-flux (2-5×10 23 D/m 2 s) D plasma at temperatures of 380 K and 1140 K to fluences up to 1.2×10 28 D/m 2 have been examined by using nuclear reaction analysis, thermal desorption spectroscopy, and scanning electron microscopy. The samples exposed at 380 K exhibited various types of surface modifications: dome-shaped blister-like structures, stepped flat-topped protrusions, and various types of nanostructures. It was observed that a large fraction of the surface was covered with blisters and protrusions, but their average size and the number density showed almost no fluence dependence. The D depth distributions and total D inventories also barely changed with increasing fluence at 380 K. A substantial amount of D was retained in the subsurface region, which thickness correlated with the depth where the cavities of blisters and protrusions were located. It is therefore suggested that defects appearing during creation of blisters and protrusions govern the D trapping in the investigated fluence range. In addition, a large number of small cracks was observed on the exposed surfaces, which can serve as fast D release channels towards the surface, resulting in a reduction of the effective D influx into the W bulk. On the samples exposed at 1140 K no blisters and protrusions were found.
Introduction
Tungsten (W) will be used as a plasma-facing material in the divertor region in ITER, and its use in future fusion devices is also foreseen [1, 2] . Among many concerns that need to be examined for the assessment of the possibility of W use in future fusion reactors, the issues of hydrogen (H) isotope retention (especially of radioactive tritium) in plasma-facing components, their re-emission into the plasma (recycling), and permeation into the cooling system are one of the most important [2] . Although many properties of the H-W system, such as H solubility in W, H interaction with lattice defects in W, as well as surface modifications and integral characteristics of H retention in W under various exposure conditions have been studied quite extensively, the results reported by different researchers show a very large scatter and are sometimes even contradictory [3, 4] . Such differences can be attributed to many factors, including differences in experimental arrangements (e.g. use of mass-separated ion beams or plasma for irradiation, presence of impurities in the plasma), differences in used W grades (microstructure, impurity content, surface finish, etc.) [5] [6] [7] [8] , as well as differences in their heat treatment prior to irradiation [6, 9] , different surface conditions of samples during irradiation [10, 11] , differences in storage conditions after irradiation (in vacuum or in air) [12] , the lag time between irradiation and post-mortem analyses (e.g. Thermal Desorption Spectroscopy (TDS), Nuclear Reaction Analysis (NRA), Secondary Ion Mass Spectrometry (SIMS), etc.) [11, 12] , and, possibly, some other factors. In addition, the H retention in W also depends on the incident ion flux, not only on the total incident fluence. This effect was observed in experiments with mass-separated ion beams [13] , as well as with plasma exposure [7, 14, 15] . According to the present understanding, the flux effect on H retention in metals is a consequence of the interplay between at least the following factors: 1. the solute H concentration caused by the impinging ion flux, which determines the H diffusive flux into the bulk and the equilibrium occupancy of trapping sites with H; 2. the flux dependence of the rate of creation of plasma-induced damage in the material (e.g. blister-like structures, H bubbles); 3. the duration of irradiation needed to accumulate a certain incident fluence, which affects the H diffusion length in the material during the exposure. One must also bear in mind that at sufficiently high incident fluxes the plasma-material system is strongly coupled, which means that the mean free-path of neutral H atoms or molecules recycled from the material is smaller compared to the characteristic size of the plasma beam, which results in such phenomena like plasma detachment. Consequently, the results of experiments at low incident ion fluxes cannot be always correctly extrapolated to high-flux conditions. Thus, in order to make reliable predictions of H isotope retention in plasma-facing components, the laboratory experiments must be carried out in reactor-relevant conditions. Since in ITER particle fluxes of the order of 10 24 ions/m 2 s on W plasma-facing components close to the divertor strike-points are expected and the pulse duration will be near 400 s, fluences above 10 26 ions/m 2 will be reached after one pulse. As a result, fluences in excess of 10 30 ions/m 2 will be reached by the end of ITER operation. However, in experiments performed so far fluences did not exceed 10 27 ions/m 2 [3, [14] [15] [16] [17] [18] [19] . Only in recent experiments at PISCES-B W targets were exposed to a deuterium (D) plasma to fluences up to 210 28 D/m 2 . However, the exposures were carried out only at one temperature of 640 K and the surface modifications of the exposed targets were not studied in detail [20] .
Consequently, a more detailed study of D retention and surface modifications of W exposed to a high-flux D plasma at high fluences and various surface temperatures is necessary.
In the present contribution these questions were examined for two limiting cases: exposure at low target temperatures (380 K), at which many laboratory experiments at low incident fluxes have been carried out, and at high temperatures (1140 K), which are expected for ITER divertor tiles near the strike point [2] 
Experimental details
Samples made of hot-rolled polycrystalline W discs (20 mm diameter, 1 mm thickness) with a purity of 99.97 wt.% supplied by PLANSEE (Austria) were used. The samples were first grinded with a SiC sand paper and then polished to a mirror finish with diamond and SiO 2 -containing suspensions. Then they were ultrasonically cleaned in acetone and annealed at 1173 K at a pressure below 1×10 -4 Pa for 2 hours to release residual hydrogen and relieve stresses produced by manufacturing and polishing. No significant structural modifications in the samples are expected to occur at this temperature, therefore the samples are considered to be in a stress-relieved state [9] . The W grade used in the present study and that studied in [5-7, 9, 14, 21] were produced by the same method by the same manufacturer and have the same nominal purity; the only difference was that they originated from different manufacturing batches and had different final thicknesses. In addition, the two grades had similar microstructures  flattened grains elongated parallel to the surface with a length up to a few µm and a thickness up to 1 m (perpendicular to the surface).
The samples were exposed to a pure D plasma in the linear plasma generator Pilot-PSI (DIFFER, the Netherlands) [22, 23] . The base pressure in the vacuum chamber obtained by two mechanical booster pumps in series with a rotary vane pump was 10 -1 Pa which increased to 1 Pa during the plasma operation. The D plasma was generated by a DC cascaded arc source and transported to the target by applying a constant axial magnetic field of 0.2 T. The plasma beam consisted of predominantly D + ions due to its low temperature and high density [24] . The investigation of the plasma column close to the surface of an exposed target with optical emission spectroscopy (wavelength range 299-579 nm, integration time 1 ms) showed the presence of Balmer series lines only, indicating that the impurity content in the plasma was below the sensitivity limit of the spectroscopic method. Electron density n e and temperature T e profiles of the plasma beam were measured by Thomson scattering at a distance of about 2 cm from the target. The plasma parameters of the beam had approximately Gaussian radial distributions with a maximum electron density and temperature not exceeding 810 13 cm -3 and 1 eV, respectively. The ion flux on the targets  was derived from the Bohm criterion [25] :
where T iion temperature, which was assumed to be equal to the electron temperature, Mmass of a D ion, the γ was assumed to be 5/3 (an adiabatic flow with isotropic pressure), and k Two series of experiments were performed. In the first series the samples were exposed at a surface temperature in the sample centre of 380 K. The difference in the temperature between the centre of the sample and the edges was typically within 30 K. In the second series of experiments, the samples were exposed at a surface temperature in the sample centre (as measured by an IR spectral pyrometer) of 1140 K. The difference in the temperature between the centre of the sample and the edges was within 250 K. The targets reached the equilibrium temperature within 10 s after switching on the plasma beam and bias. The cooling of the targets to room temperature after switching off the beam and bias also occurred within that time. The variation of the surface temperature in the sample centre between different exposures was within 10 K, and the difference between the surface temperatures at the beginning and at the end of exposures was also within 10 K. D depth distributions in the samples up to a depth of 7 m were measured using nuclear reaction analysis (NRA) at the 3 MV tandem accelerator (IPP, Garching) about three months after the plasma exposure. The D( 3 He,p)α reaction was used, and the energy of the 3 He ion beam was varied in the range of 0.5 MeV-4.5 MeV to obtain data from different sample depths [31] . Both protons and α energy spectra were transformed into D concentration profiles using the SIMNRA [32] and NRADC [33] programmes.
The total amounts of retained D in the samples were determined by using thermal desorption spectroscopy (TDS) in the TESS installation [34] (IPP, Garching). The samples were placed in a quartz tube and heated by radiation from an external furnace up to a temperature of 1270 K at a background pressure below 10 -6 Pa. The furnace was linearly heated with a rate of 0.25 K/s. The real sample temperature versus the measured oven temperature was calibrated in an independent experiment by a thermocouple spot-welded to the sample. At the beginning of the temperature ramp, the heating rate was nonlinear up to about 800 K. The release of 10 masses was monitored by a quadrupole mass spectrometer (QMS). In order to determine the total amount of retained D, the QMS signal for mass 4 (D 2 ) was calibrated using a NIST-traceable calibrated leak. The relative QMS sensitivities for masses 3 (HD) and 4 were determined by using the procedures described in [35] . As a rough estimation, the relative sensitivities of D 2 O to D 2 and of HDO to HD were assumed to be the same as that of H 2 O to H 2 , which was taken from [36] . The amount of D released in the form of HDO and D 2 O molecules was then considered as an upper limit of the uncertainty for the total retention measurement.
The surface morphology of the samples after the plasma exposure was investigated in a scanning electron microscope (SEM) FEI HELIOS NanoLab 600 (IPP, Garching), which is equipped with a Ga + focused ion beam (FIB) allowing in situ cross-sectioning and imaging of the specimens. The cross-sections were imaged at 38 tilt, causing a difference between the horizontal and vertical scales -the length of the vertical scale bars in the images are 0.79 of the horizontal scale bars. In order to reduce artefacts of the cutting process, the area of interest was coated in situ with a Pt-C film prior to the cutting. In addition, the presence of impurities on the exposed surfaces was examined by energy-dispersive X-ray spectroscopy (EDX).
Experimental results and discussion

Surface modifications
Low temperatures
Various types of surface modifications were formed on the surfaces of the samples exposed at 380 K ( Fig. 1) . Firstly, dome-shaped blister-like structures with nearly elliptic outlines and diameters up to 10 m were found (e.g. Fig. 1 b) . Later in the text, these structures will be referred to as "blisters". These structures were irregularly distributed over the surface and often appeared in groups. Quite frequently they also extended over more than one grain. Stepped flat-topped and irregularly-shaped structures with sharp edges and dimensions ranging from 100 nm to several m were also found (e.g. Fig. 1 b, c) . These structures will be referred to as "protrusions". Compared to blisters, such structures usually appeared within a single grain, whilst their distribution over the surface was also inhomogeneous. Some of the protrusions were found on top of blisters and larger protrusions ( Fig. 1 b, e, h) . It can be also noted that the areal density of protrusions was higher compared to the density of blisters, and, in addition, already at the lowest fluence used (5×10 26 D/m 2 ) a noticeable fraction of the exposed surface was covered with protrusions ( Fig. 1 b) . Despite more than one order of magnitude variation of the incident fluence, the appearance of blisters and protrusions, namely their number density and average size, barely changed with increasing fluence. Furthermore, grains without any blister and protrusion were also present, which is consistent with previously reported results [19, 29] . It should be noted, however, that the method of surface preparation could potentially influence the appearance of the observed surface modifications [8] . In addition, all the samples exposed at 380 K exhibited the presence of structures with lateral dimensions of several tens of nm ( Fig. 1 c, f, i) . They mostly appeared as stripe-like and sponge-like structures. Such nanostructuring was previously observed both after high-flux (10 24 D/m 2 s) [14, 26, 28] and low-flux (10 20 D/m 2 s) [7, 14] plasma exposures and was attributed to sputtering of the surface by impurities in the plasma beam. The type of nanostructure changed at some of the grain boundaries ( Fig. 1 i) , suggesting that the type of the structure depended on the grain orientation, as was shown by Xu et al. [26] and Jia et al. [28] .
SEM investigations also revealed the presence of a large number of small cracks with lengths up to several hundred nm on the exposed surfaces. The lowest fluence at which the cracks could be unambiguously detected was 1.4×10 27 D/m 2 , although their presence on the samples exposed to lower fluences cannot be excluded. Such cracks were observed both on the top and near edges of blisters (not shown here), as well as on the top of and near edges of protrusions (indicated by the black arrows in Fig. 1 i) . Moreover, the cracks were also observed on relatively flat regions of the surface, where no apparent blisters or protrusions could be detected (indicated by the white arrows in Fig. 1 f, i) . Due to the fact that the cracks were typically quite small and could be detected only at high magnifications, it is not possible to state with statistical confidence which fraction of blisters and protrusions had cracks and the evolution of the number of cracks with increasing fluence. Fig. 2 shows an example of a protrusion with cracks visible on its top and near its edges. Images shown in Fig. 2 a and b represent the same region of the sample, but were taken with different SEM modes in order to highlight different features. In order to increase the topography contrast, Fig. 2 a was taken in a custom mode of a segmented concentric backscatter electron detector (CBS) of SEM, where the difference of the signals from two segments of the detector was used. On the other hand, (Fig. 2 c) revealed that its cavity was formed by a crack following a grain boundary (inter-granular) running parallel to the surface and located at a depth of 500 nm.
Furthermore, many additional cracks can be also seen in the cross-sectional image. One of the cracks visible in Fig. 2 c was formed along the grain boundary and intersected the surface (see right arrow). A number of small cracks intersecting the surface (marked with a rectangle)
were also formed within a single grain (intra-granular). In addition, intra-granular cracks located at depths typically below 100 nm, which did not intersect the surface, were present as well (marked with ellipses). The latter cracks presumably correspond to very small protrusions [14, 21] , which cannot be well seen in SEM due to the developed roughness of the surface (by nanostructuring).
The fact that cracks were observed on flat regions of the surface, as well as that the cracks observed on top of the protrusion did not reach its cavity indicate that the appearance of cracks cannot be only explained by rupture of a blister/protrusion cap due to high internal D 2 gas pressure. It can be hypothesized that such cracks can have the same origin as the intragranular cracks associated with protrusions, since their cavities were sometimes found to be inclined to the surface [14, 30, 37] . shown to be formed by inter-granular cracking [6] . This indicates that the morphological modifications of the surface strongly depend on the incident ion flux. However, it was recently demonstrated that even under low-flux exposure conditions both blisters and protrusions (formed by intra-granular cracking) can be formed, but then the exposure temperature has to be as low as 230 K [21] . Several experimental evidences gave rise to the hypothesis that a high local solute D concentration near the nucleation centres acts as a driving force for the creation of blisters and protrusions [1, 21] . The solute D concentration can be increased either by increasing the incident ion flux or by decreasing the D diffusivity, 
High temperatures
All the samples exposed at 1140 K exhibited neither blistering nor nanostructuring of the surface. However, a different type of surface modification was detected. As an example, Fig. 3 shows an SEM image of the sample exposed to the fluence of 5×10 27 D/m 2 . As can be seen, the types of the surface modifications varied among different grains: some of the surface structures resembled wave-like structures (ripples), whereas other structures appeared more like faceted terraces. On some of the grains no modifications were detected. All these structures had characteristic dimensions of several hundreds of nanometres, i.e. an order of magnitude larger compared to the nanostructures on the surface observed after the exposure at 380 K (compare Fig. 3 and Fig. 1 c, f, i) . On some of the exposed samples EDX analysis detected that a part of the wave-and terrace-like structures had a higher oxygen content compared to that on the unmodified grains. This can be also noted in SEM images recorded with secondary electrons, where these structures appeared much brighter compared to the surroundings (Fig. 3) . A closer look on the bright regions revealed that most of the tops of wave-like structures were covered with a dielectric film (oxide); these dielectric films also partially exfoliated in some regions. The reason for the formation of these oxide layers is not clear, as during the high-flux bombardment with H isotopes oxide layers are expected to be removed. One possible explanation is that during the cooling-down of the samples after the plasma was switched off the samples could have been attacked by oxygen from the residual gas. Fig. 3 . SEM image of polycrystalline W exposed to a D plasma at a temperature of 1140 K to a fluence of 5×10 27 D/m 2 . The image was taken in the centre of the sample. The exposure temperature and fluence are valid for the sample centre. Fig. 4 shows the measured D depth distributions in the samples exposed at the temperature of 380 K to various fluences. The measurements were carried out in the sample centre. A lateral scan with 4.5 MeV 3 He ions revealed that the variation of the D content across the plasma-exposed area was within 30% for all the specimens. As can be seen from [6] leads to a striking observation: the depth distributions measured in the present work after the high-flux plasma exposure at 380 K strongly differed from those after the low-flux plasma exposure at a similar temperature (370 K); at the same time, they were quite similar to those after the low-flux exposure at 300 K. A correlation between the D depth distributions and the occurrence of cavities of blisters and protrusions can be observed:
Deuterium retention
Low temperatures
The thickness of the subsurface region with a high D concentration (1.5 m) coincides with the depth up to which the cavities of blisters and protrusions were located (see Fig. 2) . A similar correlation was also observed in low-flux experiments by Manhard [6] : At 300 K the blister cavities were located at depths below 1 m, whereas at 370 K they were located at depths below 4 m (see Fig. 4 ). Thus, it can be suggested that creation of blisters and protrusions introduces a large number of defects in the subsurface region, which can act as trapping sites for D (e.g. cavities of blisters and protrusions, as well as additional defects generated during creation of blisters and protrusions). Consequently, the only small variations of the D depth distributions with fluence in the present study can be then attributed to the only small variations in number density and size of blisters and protrusions with fluence (see Sect. 1.1.) . The difference between the present D depth distributions and those after the low-flux exposure at 370 K can be explained in terms of differences in depths where the cavities of blisters and protrusions were located. Fig. 4 . D concentration profiles in polycrystalline W exposed to a D plasma at a temperature of 380 K to various fluences. The measurements were carried out in the sample centre. The exposure temperature and fluences are valid for the sample centre. For the comparison, the measurements performed by Manhard [6] for the same type of material (hot-rolled W), exposed to a low-flux D plasma (10 20 D/m 2 s) with a mean ion energy of 38 eV/D to the fluence of 6×10 24 D/m 2 at the temperatures of 300 K and 370 K are shown. Due to technical reasons, the measurements of the samples exposed to fluences of 1.4×10 27 D/m 2 and 1.2×10 28 D/m 2 were done 9 months after NRA analysis. The effect of D loss during the storage timeeven on the timescale of monthswas reported in literature [11, 12] and can also partially explain the discrepancy between NRA and TDS results, as well as that the samples exposed to fluences of 1.4×10 27 D/m 2 and 1.2×10 28 D/m 2 showed smaller D inventory (determined by TDS) compared to the rest of the samples.
3.
The present values of D retention were several times lower than that measured by Manhard [6] for the same type of material exposed to a low-flux plasma at a similar temperature (370 K) to the highest fluence (4.7×10 25 D/m 2 ). This confirms the fact that the D retention in W is flux-dependent. At the same time, the fluence dependence of D retention in the experiments of Manhard [6] also showed a slow D uptake in the samples at fluences above 10 24 D/m 2 , which correlated with stagnation of blistering activity. A similar correlation was also observed after high-flux (10 24 D/m 2 s) plasma exposures [17, 27] . Since in the present experiments the blistering pattern, D depth distributions, and total D retention barely changed with fluence, it is reasonable to assume that the lowest fluence used (5×10 26 D/m 2 ) was already high enough that the concentration of defects produced by the high-flux plasma exposure almost saturated. In addition, as the D depth distributions indicate that more than 80% of D was retained within the subsurface region (≤1.5 m), it can be concluded that in the present experiments the D retention was dominated by trapping in the defects produced by the high-flux plasma exposure. Fluence dependence of D retention in polycrystalline W exposed to a D plasma at a temperature of 380 K (in the sample centre). For the NRA measurements, the fluences in the sample centre are used, whereas for TDS measurements the fluences averaged over the whole exposed area of the sample are given. The data from Manhard [6] for the same type of material (hot-rolled W) exposed to a low-flux D plasma (10 20 D/m 2 s) with a mean ion energy of 38 eV/D at 370 K is shown for comparison.
The hypothesis about the influence of the damage induced by the plasma exposure on the D uptake can explain the discrepancy between the present experimental results and those reported by Doerner et al. [20] , where the D retention in the samples almost obeyed the Φ 1/2 dependence in the investigated fluence range (up to 210 28 D/m 2 ). The experiments by Doerner et al. [20] were carried out at a sample temperature of 640 K and an incident flux of 1.6×10 23 D/m 2 s, where no apparent blisters or protrusions after the exposure were detected.
Thus, the amount of the plasma-induced damage must have been much smaller compared to the present experiments, and, consequently, the D retention was dominated by intrinsic bulk defects in W.
Several additional factors could also contribute to the observed slow variation of the D retention in the samples with fluence. Firstly, the observed small cracks on the exposed surfaces can contribute to this, since D atoms diffusing from the implantation region can reach cracks and can recombine into D 2 molecules on their surfaces, which results in an increase of the effective D reemission rate from the samples and, consequently, reduction of the effective D influx into the bulk of the samples. Secondly, fracture of the caps of blisters/protrusions can lead to release of D 2 molecules trapped within their cavities and again provide additional surfaces for molecular recombination. Thirdly, enhanced D diffusion in the implantation region due to stresses in the lattice introduced by high solute concentrations can also lead to enhanced reemission. Fourthly, development of nanostructures on the surface also increases its effective surface area for recombination. Finally, at 380 K and such high fluxes the surface can be saturated with D, thus, ion-induced desorption of adsorbed D from the surface can also take place.
High temperatures
In the samples exposed at 1140 K the D concentrations were below the sensitivity limit of NRA (10 -5 at. fr.).
In the case of the TDS measurements, the D release as D 2 and HD molecules was below 10 19 D/m 2 , but the D release as heavy water exceeded that of D 2 and HD up to ten times, probably due to the partial oxidation of the surface (see discussion of Fig. 3 in Sect. 3.1.2) . It should be kept in mind that in the case of exposure at 1140 K the difference between the temperature in the sample centre and edges was within 250 K. Firstly, the 'cold' periphery of the sample has a higher surface area compared to the 'hot' centre. Secondly, due to the Arrhenius-like dependencies of detrapping rates from defects on temperature, colder regions exhibit a higher retention (in such temperature range [15] ). Consequently, the measured total D retention gives an average number over a 250 K temperature gradient weighted by the corresponding surface areas, i.e. it cannot be definitely attributed to a certain exposure temperature. Due to the uncertainties in interpretation of HDO and D 2 O signals, the detailed numbers are not given here.
Conclusions
Hot-rolled polycrystalline W targets were exposed to a low-energy, high-flux D plasma at temperatures of 380 K and 1140 K up to very high fluences 10 28 D/m 2 .
The exposure at 380 K resulted in severe surface modifications of the samples:
appearance of a large number of dome-shaped blister-like structures (up to 10 μm) and stepped flat-topped protrusions (up to several μm). In addition, stripe-like and sponge-like nano-scaled (up to 50 nm) structures were formed. The cavities of blisters were solely formed due to inter-granular cracking, whereas the cavities of the protrusions were formed both due to inter-and intra-granular cracking. Despite more than one order of magnitude variation of the incident fluence, the number density and the average size of blisters and protrusions barely changed with increasing fluence. By comparing the present experimental results with the results obtained for the same type of material but at much lower incident ion fluxes, it is suggested that a high local solute D concentration, which can be established either via using high incident fluxes or low exposure temperatures, triggers the formation of small protrusions via intra-granular cracking.
The depth distributions of trapped D also demonstrated a rather small evolution with fluence after the exposure at 380 K. Most of the D was trapped in a subsurface region located at depths smaller than 1.5 m, which coincides with the depth up to which most of the cavities of blisters and protrusions were located. The total D inventory was moderate (<2×10 20 D/m 2 ) and varied only slowly with fluence. The latter is attributed to small variations in the amount of near-surface defects produced by the high-flux plasma exposure (cavities of blisters and protrusions, and defects appearing during their creation) in the investigated fluence range. Furthermore, a network of small cracks was observed on the exposed surfaces, which can provide additional surface area for recombination of D atoms into molecules during the plasma exposure, thus, reducing the effective D influx into the bulk of W, which then would lead to a reduction of the D accumulation rate at high fluences.
After the exposure at 1140 K no blisters, protrusions, and nanostructures were found on the exposed surfaces. However, wave-like and faceted terrace-like structures with the characteristic dimensions of several hundreds of nm were formed due to the plasma exposure.
The concentrations of trapped D were very low (<10 -5 at. fr).
Overall, the present experimental results indicate that the defects introduced during the plasma exposure determine the total D retention as well as its fluence dependence, and that the number and features of these defects strongly depend on the incident ion flux.
Extrapolations to even higher fluences up to 10 30 D/m 2 , which are expected for ITER, are difficult from current understanding. Thus, further experiments with even higher fluences than in the present study are necessary to assess the D retention at fluences relevant for ITER and next-step fusion devices.
